Heterogeneity of Stand Structure, Fuels, and Wildfire Hazard in Dry and Moist Old-Growth Ponderosa Pine Forests: Case Studies from Western Montana by Stover, Kyle Crosby
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
2011 
Heterogeneity of Stand Structure, Fuels, and Wildfire Hazard in 
Dry and Moist Old-Growth Ponderosa Pine Forests: Case Studies 
from Western Montana 
Kyle Crosby Stover 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Stover, Kyle Crosby, "Heterogeneity of Stand Structure, Fuels, and Wildfire Hazard in Dry and Moist Old-
Growth Ponderosa Pine Forests: Case Studies from Western Montana" (2011). Graduate Student Theses, 
Dissertations, & Professional Papers. 514. 
https://scholarworks.umt.edu/etd/514 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
HETEROGENEITY  OF  STAND  STRUCTURE,  FUELS,  AND  WILDFIRE HAZARD  IN  
DRY  AND  MOIST  OLD-GROWTH  PONDEROSA  PINE  FORESTS:  CASE  STUDIES  
FROM  WESTERN  MONTANA 
 
By 
 
KYLE CROSBY STOVER 
 
B.Sc., Michigan Technological University, Houghton, MI, 2008 
 
Thesis 
 
presented in partial fulfillment of the requirements 
for the degree of 
 
Master of Science in Forestry 
 
The University of Montana 
Missoula, MT 
 
May 2011 
 
Approved by: 
 
Perry Brown, Associate Provost for Graduate Education 
Graduate School 
 
Dr. Christopher Keyes 
Department of Forest Management, College of Forestry and Conservation 
 
Dr. Andrew Larson 
Department of Forest Management, College of Forestry and Conservation 
 
Dr. Anna Sala 
Division of Biological Sciences, College of Forestry and Conservation 
 
  
ii 
 
Stover, Kyle, M.Sc., Spring 2011                            Forestry 
Heterogeneity of Stand Structure, Fuels, and Wildfire Hazard in Dry and Moist Old-Growth 
Ponderosa Pine Forests: Case Studies from Western Montana 
Chairperson: Christopher Keyes 
  Silvicultural restoration treatments are increasingly proposed to restore ecological function and 
remediate catastrophic wildfire hazards in old-growth ponderosa pine stands throughout the 
western United States. However, stand heterogeneity has been inadequately addressed in 
restoration and fuel treatment planning. In response, we analyzed two old-growth ponderosa pine 
forest restoration projects in western Montana with different moisture regimes. We utilized 
available fixed-area plot data to describe heterogeneity by analyzing the distributions of current 
and anticipated post-treatment plot conditions, and contrasted these with stand-average 
depictions. The study’s findings illustrate that distributions of overstory structure, fuels, and 
modeled fire hazards are typically non-normal, skewed, and wide ranging. Average values 
spatially homogenized conditions and were of less interpretive value. Spatial analysis tools used 
with stem map data (more typically used in the forest ecology literature) from the same sample 
area supported our observations derived from the fixed-area plot data that is more commonly 
collected by managers. This analytical approach provides a more comprehensive depiction 
wildfire hazards in old growth ponderosa pine stands and demonstrates that heterogeneity is an 
important descriptive component of these rare ecological resources. 
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Introduction 
In the western United States, old-growth stands dominated by ponderosa pine (Pinus 
ponderosa Laws.) have been in a state of decline for much of the past century (Spies et al. 2006). 
With the removal of Native American burning practices, followed by a protracted period of 
logging and fire suppression, many fire-adapted old-growth stands are well outside historic fire 
return intervals (Cooper 1960; Arno 1980; Agee 1993; Arno et al. 1995). This has allowed 
uncharacteristically high accumulations of shade-tolerant and more fire-sensitive tree species, 
including Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) (Agee 1993; Arno et 
al. 1995; Spies et al. 2006). Such fuel accumulations beyond historic ranges predispose old-
growth stands to wildfire intensities and severities that are atypical of common historic 
conditions found in the interior northwestern United States (Spies et al. 2006). In light of that 
threat, silvicultural restoration treatments are increasingly proposed and implemented to restore 
these rare ecological resources (Arno and Ottmar 1994; Fiedler 1996; Allen et al. 2002; 
Youngblood et al. 2004; Kolb et al. 2007). 
Restoration treatments have been repeatedly shown to successfully remediate wildfire threats 
(Agee and Skinner 2005; Skinner 2005; Roccaforte et al. 2008; Fiedler et al. 2010). However, 
the complexity of stand structure, fuels distributions, and spatial heterogeneity in fire behavior 
has been inadequately addressed in forest restoration and fuel treatment planning. The spatial 
distribution of fuels within a stand can be and often is highly variable, with a direct influence on 
potential fire behaviors (Brown and Bevins 1986). This can be particularly true in old-growth 
stands, since one of the defining characteristics is great spatial heterogeneity in vegetation 
structure (Franklin and Van Pelt 2004; Binkley et al. 2007). The heterogeneity of forest structure 
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and forest fuels, however, is rarely addressed (except anecdotally) in either the scientific 
literature or the restoration planning process. 
Complex, uneven-aged stand structures have been associated with old-growth ponderosa pine 
forests and are the foundation of ecosystem functions as well as the fuel complex (Arno et al. 
1995, 1997; Covington et al. 1997; Fiedler et al. 2007). Contemporary stand descriptors (such as 
stem density, basal area, and quadratic mean diameter) communicate spatially averaged 
conditions that inadequately recognize variation. Such metrics were developed in the context of 
managed European forests in an agricultural paradigm where spatial homogeneity was important 
to manage forest growth (Puettmann et al. 2009). They are still relevant and valuable in 
plantations, in forests managed primarily for timber, and stands of simple structure that occur in 
nature. But they are insufficient metrics for communicating intricate structures of old-growth 
stands, and their utilization in old-growth forest restoration planning is limited.  
Spatial heterogeneity principles and analysis methods are familiar to ecologists but are not 
familiar to foresters and fuel managers charged with the responsibility to reduce fire hazards in 
old-growth forests (Noss et al. 2006). The preservation of spatial structure heterogeneity in old-
growth ponderosa pine has been advocated by researchers recognizing the relation between 
structure and ecological process (Covington et al. 1997; Harrod et al. 1999; Roccaforte et al. 
2008; Fiedler et al. 2007). Old-growth ponderosa pine stands in the Southwest and the interior 
Pacific Northwest (USA), have shown both aggregated and random patterns of horizontal tree 
spatial patterns depending on past disturbance patterns, soil characteristics, and climate 
(Youngblood et al. 2004; Abella and Denton 2009; Sánchez Meador et al. In press), but few 
examples exist for the northern Rocky Mountains (Keeling et al. 2006).  
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Other old-growth studies in the northwestern United States have advocated incorporating 
spatial complexity and patterns in forest restoration management (Larson and Churchill 2008), 
including frequent fire ponderosa pine (Harrod et al. 1999). In a study of a coastal forest of 
Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco.) and western hemlock (Tsuga 
heterophylla (Raf.) Sarg.), Sprugel et al. (2009) demonstrated the effects of silvicultural 
alternatives on tree spatial patterns and diversity of stand structure with a quadrat-based spatial 
analysis. They reported traditional low thinning silvicultural techniques increased stand 
uniformity compared to ecologically-based gap thinning techniques, which removed the same 
basal area and increased stem aggregation for more complex stand structures. While this type of 
evaluation has great potential in old-growth forest restoration, the methods used are drastically 
different compared to traditional forestry techniques. Linking these two fields is important for a 
holistic approach to ecological restoration and fire hazard mitigation. 
As a tool for fuels managers, modeling fire behavior consists of quantitative assessment of 
current conditions, preparation of treatment alternatives, articulation of treatment impacts on 
potential fire behavior, and tradeoffs. In practice, this planning procedure nearly always utilizes 
stand-average fuel metrics, and therefore implies a spatial homogeneity in forest fuels that is 
rarely representative of actual conditions. Providing more information of the heterogeneity of 
fire hazards, interpreted as relative differences between samples, gives a more conservative 
estimate of conditions conducive to stand replacing fire. 
Addressing fuels heterogeneity is a challenge for fuels managers to analyze wildfire hazards, 
especially in regard to crown fire potential (Scott and Reinhardt 2001; Fulé et al. 2002; 
Harrington et al. 2007; Cruz and Alexander 2010). Harrington et al. (2007) utilized an analysis 
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that evaluated wildfire hazard at the plot scale, in order to quantify and compare pre- and post-
fuels treatment conditions in a second growth ponderosa pine stand in the wildland urban 
interface of western Montana. Their study highlighted the limitations of the conventional 
approach of using stand-average values to assess within-stand treatment effectiveness. Others 
have addressed this problem by using the first quintile value of canopy base heights in place of 
an average (Fulé et al. 2001; Fulé et al. 2002; Roccaforte et al. 2008). Yet the use of quintiles 
ignores truly extreme plot values and how plot values are distributed. Extreme fuel values can 
reveal areas of a stand with high crown fire hazard that serves as crown fire “entry points” under 
weather and general fuel conditions where crown fire initiation is otherwise unlikely (M. 
Harrington 2008, personal communication).  
In this study using stand structural metrics, fuels data, and state-of-the-art fire behavior 
models, we analyzed stand structure and crown fire hazard in two old-growth ponderosa pine 
stands of the northern Rocky Mountains. We analyzed data from fixed-area mensuration plots 
implemented by forest management staff to characterize structural heterogeneity in two western 
Montana old-growth forest restoration projects. The two sites are scheduled for restoration 
treatment, and are representative of the two ends of the moisture spectrum across which 
ponderosa pine occurs as a dominant mid-seral overstory tree. At one of the sites, we also 
evaluated the current restoration prescription for effectiveness in reducing crown fire hazard and 
changes to stand structure. With these goals, we performed a comparative study of two analytical 
methods for describing the heterogeneity of stand structure, and analyzed fuels conditions and 
potential fire behavior. The first method represents the customary method wherein stand 
averages are analyzed. The second incorporates analysis of within-stand spatial variability with 
plot-by-plot analysis and depicts how surface and canopy fuel loads and fire behavior metrics are 
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distributed. Since literature concerning heterogeneity using mensuration plot data is limited for 
this type of analysis, we performed a joint analysis with methods more common to the ecological 
literature at one of the sites to compare results. For this study, we used fuels and fire behavior 
modeling software packages that are commonly utilized by land managers. The study’s findings 
illustrate that heterogeneity is a component and consideration in fire-adapted old-growth 
ponderosa pine stands studied here, while highlighting the shortcomings of simplifying spatially 
heterogeneous stand data. 
 Methods 
Study sites 
The study was performed in two ponderosa pine old-growth stands. The Boulder Creek 
Research Natural Area (Boulder Creek - BC) study site consists of 41 acres within a 200 acre 
treatment unit in the Bitterroot National Forest approximately 10 miles west of Conner, 
Montana. The site is on a southwest aspect with a mean slope of 60% at 46°N latitude, between 
4600 ft and 5600 ft in elevation. Boulder Creek’s mean annual precipitation is 15.8 in, with 
yearly mean January minimum and July maximum temperatures of -18.1°F and 84.2°F (Darby, 
MT NWS station #242221, WRCC 2005).The Meadow Smith Old-Growth Restoration Project 
(Meadow Smith - MS) study site is a 76 acre unit in the Flathead National Forest near Condon, 
Montana. The MS site is within a broad glacial valley with gently undulating topography, at 
47.5°N latitude, between 3600 ft and 3700 ft in elevation. Meadow Smith’s mean annual 
precipitation is 28.7 in, with yearly mean January minimum and July maximum temperatures of 
15.7°F and 81.0°F (Swan Lake, MT NWS station #248087, WRCC 2005).  
Both stands are classified as ‘old-growth’ under the definitions established by Green et al. 
(1992), which are the standards used in Forest Service Region 1 for old-growth forest 
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identification for western Montana and northern Idaho. At Boulder Creek the overstory is 
primarily composed of ponderosa pine, with high densities of small diameter Douglas-fir 
occupying the mid canopy and understory (Photo 1). Meadow Smith is a mixed conifer stand of 
ponderosa pine and western larch (Larix occidentalis Nutt.), with mature to young mixed conifer 
species including Douglas-fir, subalpine fir (Abies lasiocarpa (Hook.) Nutt.), Engelmann spruce 
(Picea engelmannii Parry ex. Engelm.), lodgepole pine (Pinus contórta Dougl. var. latifolia 
Engelm.), and grand fir (Abies grandis (Dougl.) Lindl.) occurring in the overstory and understory 
(Photo 2). Stand densities differed between Boulder Creek (382 trees ac-1, 139 ft2 ac-1 basal area) 
and Meadow Smith (295 trees ac-1, 147 ft2 ac-1 basal area). 
Restoration treatment planning was recently completed at the Boulder Creek study area. At 
Meadow Smith, restoration treatment planning has been completed and awaits implementation. 
Treatment goals at Meadow Smith are to reduce the hazard of stand replacing wildfire, restore 
health and dominance of old-growth ponderosa pine and western larch trees, and reintroduce fire 
to the stand through prescribed burning (USFS 2008). The prescription consists of a leave-tree 
designated low thinning to a residual basal area of 80 ft2 ac-1. A prescribed underburn is 
scheduled for the fall following thinning. 
Data collection 
In 2008 and 2009, long-term old-growth monitoring plot networks were installed at Boulder 
Creek (40 plots) and Meadow Smith (37 plots). Sampling protocols were dictated by the USFS 
Region 1 common stand exam manual, with plot sizes and transect lengths determined by USFS 
planning staff from pilot data. The plot design consisted of nested circular tree plots of 3 sizes: 
1/4-ac or 1/5-ac (depending on within stand variability from pilot data) for trees 19 in dbh and 
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above, 1/24-ac for trees 3.0 - 18.9 in dbh, and 1/300-ac for trees ≤2.9 in dbh. Species and 
diameter were recorded for each tree. One tree per each 5-in diameter class per species was 
sampled for age, total height, and height to live crown. Within the 1/24-acre plot, percent cover 
(by ocular estimation) and average height were measured for woody shrubs and herbaceous 
vegetation. 
Down woody fuels were sampled via two perpendicular 50-ft line intercept transects 
established at each plot according to USFS FIREMON protocols (Lutes et al. 2006). On each 
transect, 1000-hr time-lag (≥ 3 in) fuels were individually measured for diameter and decay class 
along the full 50 ft length, 100-hr (1-3 in) fuels were tallied along the last 15 ft from plot center, 
and 1-hr (< 1/4 in) and 10-hr (1/4 – 1 in) fuels were tallied for the last 6 ft. Litter/duff depths 
were taken at each transect midpoints and endpoints. Percent slope of each transect was 
measured. 
Stem mapping methods consistent with the scientific literature are measured in metric units 
compared to English units used by USFS land managers, further illustrating the difficulties of 
ecological research and forest management. Where methods are detailed in metric, results are 
reported in English units (with metric equivalents) for consistency with USFS monitoring plot 
data. Three 1-ha (2.47-ac) plots with dimensions 100 m by 100 m (109.4 yd by 109.4 yd) were 
established in the Meadow Smith study area (units 10, 14, and 19). Plot location and orientation 
was determined subjectively to be entirely within stand boundaries, relatively uniform slope, 
structural composition, and distance of at least one overstory tree length from roads, streams, and 
wetland areas (Moeur 1993; Arno et al. 1995; Moeur 1997; Harrod et al. 1999; Van Pelt et al. 
2006; Larson and Franklin 2006; Larson and Churchill 2008).  
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All live trees greater than 10 cm (3.9 in) dbh were mapped with cartesian (x, y) coordinates 
of trees boles. Using the transect method of mapping, parallel transect lines were established at 
intervals of 15-30 meters (16-33 yards) (subjective intervals depending on vegetation impeding 
vision) along one side of the plot. The placement of the transect line perpendicular to the plot 
boundary was established with a high accuracy digital compass (LaserAce® 2000, ± 1° accuracy) 
to the opposing side of the plot. A hundred meter plus survey tape was run out along the transect 
length. As a live tree was encountered along the transect between the transect line and the edge 
of the plot or the previous transect line, distance on the transect at perpendicular to the tree was 
measured. Perpendicular distance was measured from the transect tape to tree dbh using a laser 
rangefinder (LaserAce® 2000). Tree species, diameter, and harvest/retention status was recorded 
with the map location. All transect x and y coordinates were combined into one cumulative map 
for each unit.  
Stand structure analysis 
We evaluated forest structure via two distinct methods. The first was to evaluate data in the 
‘conventional’ method with focus on stand averages. The second ‘distributional’ method 
consisted of assessment at the plot level and evaluation of plot frequency distributions. The tools 
used to calculate forest structure metrics were the same for both methods, but methods varied in 
the analysis of the outputs. Stand descriptor metrics were calculated in Forest Vegetation 
Simulator (FVS, Crookston and Dixon 2005) in order that canopy fuel attributes could be readily 
calculated in the FVS Fire and Fuels Extension (FVS-FFE, Reinhardt and Crookston 2003) in 
our fuels assessment. Only livetrees above 1 in dbh were used in the analysis. 
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The ‘conventional’ method focused on calculation of basic descriptive statistics to 
characterize stand structure. Descriptive statistics included mean, median, min, max and 
coefficient of variation (CV). Structure metrics included average stand trees acre-1, basal area, 
and quadratic mean diameter (QMD). Species composition (live trees) was determined in terms 
of trees ac-1 and basal area (ft2 ac-1). 
The ‘distributional’ method treated each plot as a distinct unit by customizing an individual 
FVS tree list file and stand list file for each plot. Trees ac-1, basal area (ft2 ac-1), and QMD were 
calculated. Outputs for each attribute per stand were collated in frequency distributions. 
Frequency distributions present values in terms of frequency of plots within a predetermined 
class width. Class widths were determined subjectively by the range of observed variation for 
each class stand density and diameter descriptors. Range, kurtosis, and skewness were calculated 
to describe the distributions. A Shapiro-Wilk test of normality (Royston 1995) was performed on 
each metric (α = 0.05). 
Fuel load analysis 
Fuel loads analysis was performed using the same principle of the conventional and 
distributional methods applied to stand structure. All ground and surface fuel data were utilized 
in the software program FIREMON (Lutes et al. 2006) to calculate fuel loads in tons ac-1 (t ac-1) 
for duff, litter, 1-hr, 10-hr, 100-hr, 1000-hr, live herbaceous fuels, and live shrub fuels. Canopy 
fuels were calculated from plot tree data using the FVS-FFE (Reinhardt and Crookston 2003), 
which uses adjustment factors for Brown’s (1978) equations to calculate canopy bulk density 
(CBD) and canopy base height (CBH).  
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The ‘conventional’ analysis method consisted of calculating basic descriptive statistics 
including mean, median, range, and coefficient of variation for key fuel attributes, such as 
ground and surface fuel loads, CBD, and CBH. For the ‘distributional’ method, ground and 
surface fuel loads, CBD, and CBH were calculated for each plot, and then analyzed collectively 
with frequency distributions. Class widths were determined subjectively by the range and 
observed variation for each class of down woody fuel. Range, kurtosis, skewness, and Shapiro-
Wilk tests were calculated to describe the distributions in each fuel type. 
Fire behavior modeling 
The computer software NEXUS version 2.0 (Scott 1999; Scott and Reinhardt 2001) was used 
to simulate surface fire behavior under 95th percentile weather conditions and to identify critical 
thresholds for crown fire types to occur. We developed custom surface fuel models based on 
stand level (conventional method) or plot level (distributional method) 1-hr, 10-hr, and 100-hr, 
live herbaceous fuel loads and live shrub fuel loads. Fuel models were initiated with Timber 
Understory (TU) model 1 for Boulder Creek and TU3 for Meadow Smith (Scott and Burgan 
2005). Litter loads were added to the 1-hr fuels for modeling purposes (M. Harrington, 2010 
personal communication). We used published packing ratios from standard models (Scott and 
Burgan 2005) and a standard particle density (32 lbs ft-3) with the custom fuel loads to determine 
fuelbed depth. 
Scenario inputs included 95th percentile local fire weather and fuel moisture contents. For 
Boulder Creek, data from the Little Rock Creek Remote Automatic Weather Station (RAWS) 
(station #242914, elev. 5507ft, lat 46.038, long -114.262) was used due to its proximity and 
similar elevation. Meadow Smith fire weather was assigned from the USFS Condon Work 
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Center RAWS (station # 241502, elev. 3684ft, lat 47.5361, long -113.7172) approximately 3 
miles away. The Fire Family Plus software (Bradshaw and Brittain 1999) was used to calculate 
the 95th percentiles of each attribute to represent locally severe wildfire conditions (See Table 1). 
Mid-flame windspeed adjustment factors (Albini and Baughman 1979) were determined in FVS-
FFE from the tree list data. Wind direction was uniformly set at 90° cross slope for Boulder 
Creek and upslope (0°) for Meadow Smith, based on general prevailing wind patterns, local 
topography, and similar plot aspect throughout each stand.  
Windspeed, a critical determinant of fire behavior is inherently variable and difficult to 
characterize in wildfire hazard analysis (Crosby and Chandler 2004; Harrington et al. 2007). 
Therefore, we also analyzed fire behaviors using 20-ft windspeeds at double (38 mi hr-1) that of 
Boulder Creek’s 95th percentile, and at double (16 mi hr-1) and triple (24 mi hr-1) Meadow 
Smith’s 95th percentile (tripling was modeled because the 95th percentile was notably low (8 mi 
hr-1)).  
Surface fire flame length (ft) and rate of spread (chains hr-1 or ‘ch hr-1’) were modeled under 
the surface fire scenario condition in NEXUS. Foliar moisture content was set at 90% for 
Boulder Creek and 100% for Meadow Smith based on the range of published Douglas-fir foliar 
moisture contents and climatic differences between the two study areas (Philpot and Mutch 
1971; Keyes 2006). Canopy bulk density and canopy base height calculations from FVS-FFE 
were used with surface fuel and weather scenario inputs to determine the modeled fire behavior 
type (surface fire, conditional surface fire, passive crown fire, and active crown fire) as well as 
torching index and crowning index (mi hr-1). Torching index is the minimum 20-ft windspeed 
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needed for a surface fire to initiate a passive crown fire; crowning index is the minimum 20-ft 
windspeed needed for active crown fire spread to occur through the canopy.  
For the ‘conventional’ method of analysis we utilized one stand-average custom surface fuel 
model for each site. For the ‘distributional’ method, we characterized each plot’s potential fire 
behavior with custom fuel models developed separately from each plot’s measured surface fuel 
load. Windspeed adjustment factors, canopy bulk densities, and canopy base heights were 
assigned from FVS-FFE via each plot’s measured tree data. FFE calculated surface fire behavior 
according to each plot’s measured slope. Surface fire flame length, surface fire rate of spread, 
torching index, and crowning index were modeled for each plot. Each modeled output per plot 
was sorted into pre-determined classes and expressed as a frequency distribution. Class widths 
were determined subjectively by the range and observed variation of each fire behavior and 
crown fire hazard metric. For each parameter, mean, median, min, max, CV, kurtosis, skewness, 
and Shapiro-Wilk tests of normality were calculated.  
Evaluation of restoration treatment effects 
Because thinning and fire treatments were not yet completed at the time of this study, their 
effects at Meadow Smith were simulated by removing from the tree lists those trees designated 
for harvest. Both the conventional and distributional methods of analysis were applied to stand 
structure, canopy fuels, and potential fire behavior. The ability to model activity surface fuels, 
down and woody fuel decomposition, and shrub responses associated with treatment are limited 
and carry additional modeling assumptions. In order to reduce assumptions we only evaluated 
structural changes to the canopy and held surface fuel loads constant from current conditions. 
Similarly, weather input assumptions and foliar moisture contents were unchanged from the 
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pretreatment scenario (with the exception of windspeed adjustment factors, which were 
calculated by FVS-FFE based on the simulated post-treatment tree lists). We used NEXUS to 
assess the change in torching and crowning indices compared to current conditions.  
Spatial analysis 
In order to describe current and projected post-treatment spatial distributions at Meadow 
Smith, we used Morisita’s index of dispersion (Iδ), a variance-to-mean ratio considering stem 
density as a function of increasing quadrat sizes (Morisita 1959, 1962). This approach is less 
informative than other spatial pattern techniques (Diggle 2003), but was chosen here due to its 
relation to trees ac-1 variation assessed with the mensuration plot data, and the relatively few 
assumptions it carries. The index value is calculated as: 
Q  
∑ x  x 1
N N 1  
where xi is the number of individuals in the i-th quadrat sample, Q is the total number of quadrats 
the map is divided into, and N is the total number of points in the pattern (Morisita 1962). An Iδ 
value of 1.0 indicates complete spatial randomness, Iδ = 0 suggests a complete uniform 
distribution of points, and Iδ >1 is indicative of an aggregated or clumped distribution. We 
calculated Iδ at spatial scales of 16-m2, 25-m2, 100-m2, 400-m2, 625-m2, and 2500-m2 (0.004-ac, 
0.006-ac, 0.025-ac, 0.099-ac, 0.154-ac, and 0.618-ac, respectively) and plotted Iδ as a function of 
quadrat size. In order to test spatial distributions against complete spatial randomness, we used a 
Monte Carlo approach to calculate Iδ  at each scale for 1001 randomly generated point patterns 
with the same number of points as the real data within a 100 m by 100 m (109 yd by 109 yd) 
plotting window. Statistically aggregated point patterns are defined as those greater than the 97.5 
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percentile threshold of the Monte Carlo simulation, and those below the 2.5 percentile threshold 
are statistically uniform. The software R® (R Core Development Team 2009) and the associated 
library, spatstat (Baddely and Turner 2005), were used to compute Iδ and perform the Monte 
Carlo simulation. 
Results 
Stand structure 
Boulder Creek trees ac-1 averaged 382 with 139 ft2 ac-1 of basal area (Table 2). Stand QMD 
was 11.3 inches. Species composition was primarily a two species mix of Douglas-fir (64% trees 
ac-1) and ponderosa pine (36% trees ac-1). However, ponderosa pine dominated the basal area 
composition (68%) due to its larger average size (7.3 in QMD vs. 4.8 in QMD for Douglas-fir). 
Meadow Smith trees ac-1averaged 295 with 147 ft2 ac-1 basal area, and QMD was 10.4 inches. 
MS species composition was mixed, consisting of Douglas-fir (50% trees ac-1), true firs and 
Engelmann spruce (26% trees ac-1), western larch (10%), lodgepole pine (9% trees ac-1), and 
ponderosa pine (5% trees ac-1). Basal area composition was composed of Douglas-fir (38%), 
western larch (21%), ponderosa pine (20%), true firs and Engelmann spruce (12%), and 
lodgepole pine (9%). At both study sites, trees ac-1 was the most variable of all structural metrics 
based on differences between means and medians, and highest CV (1.11 and 0.55 for BC and 
MS respectively) (Table 2).  
Distributions of trees ac-1 at both sites were non-normal according to the results of the 
Shapiro-Wilk test (Table 2). At Boulder Creek, plots ranged widely from 24 - 2340 trees ac-1, but 
the mean was skewed high (skewness value = 2.75), compared to the majority (46% of plots) of 
the distribution between 75 and 175 trees ac-1 classes, by 10% of plots greater than 1000 trees ac-
1 (Figure 1a). Meadow Smith’s density range was smaller at 73 - 843 trees ac-1 with a mode class 
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of 175 trees ac-1 (27% of plots). Basal areas were normally distributed at both sites given the 
results of our Shapiro-Wilk tests (MS p-value = 0.050, BC p-value = 0.870). At Boulder Creek, 
basal area ranged from 28 - 258 ft2 ac-1 (Figure 1b). Basal area at Meadow Smith ranged 51 - 310 
ft2 ac-1. Distributions of plot QMD were non-normal for Boulder Creek according to the Shapiro-
Wilk test (p-value = 0.020) and ranged from 2.9 – 26.7 inches (Figure 1c). Meadow Smith’s 
QMD distribution was normal considering the Shapiro-Wilk test (p-value = 0.661) with a range 
from 4.8 – 16.5 inches.  
Fuel loads 
Total surface and ground fuel loads averaged 24.1 t ac-1 at Boulder Creek and 38.3 t ac-1 at 
Meadow Smith, primarily consisting of dead fuels (Table 3). 1000-hr fuels represented the 
greatest share of the average loads at BC (36%, 8.66 t ac-1) and MS (44%, 17.00 t ac-1). Averages 
differed substantially from the median loads, particularly in the 1000-hr class, which had the 
greatest range (BC 0 to 68 t ac-1, MS 0 to 77 t ac-1). Considering median loads, duff comprised 
the greatest share, accounting for 32% (5.22 t ac-1) of the load at BC and 41% (14.00 t ac-1) at 
MS. High variance was not unique to the 1000-hr fuels class but was common to all fuel classes, 
as exhibited by high coefficients of variation (range 0.46 to 3.23). Live herbaceous and shrub 
fuel loads averaged 0.27 t ac-1 for Boulder Creek and 1.27 t ac-1 for Meadow Smith, dominated 
by live shrub loads (Table 3). Median live herbaceous and shrub fuel loads were 0.14 t ac-1 for 
BC and 0.82 t ac-1 for MS.  
Surface fuel distributions were non-normal for nearly all fuel types and classes (except BC 1-
hr, MS litter, and MS total surface fuels), based on visual inspection, kurtosis and skewness 
values, and the results of the Shapiro-Wilk tests (Table 3). In all the dead surface fuel loads, 
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distributions were skewed right (positive skewness values as high as 2.58) as result of plots with 
outlying loads considerably higher than the rest of the distribution (Table 3, Figures 2a - f). Duff 
loads at Boulder Creek ranged 0 to 55 t ac-1, but were clustered (94% of plots) in the smallest 
three classes below 15.0 t ac-1 (Figure 2a). At Meadow Smith the distribution ranged 2.5 to 43.7 t 
ac-1 and had a 12.5 t ac-1 mode class (5 t ac-1 class width) for 23% of plots. In the case of litter 
load, BC’s distribution range was 0 to 10.5 t ac-1 and was platykurtic (i.e. distributed broadly or 
‘flat’) as exhibited by a kurtosis value of -0.92 (Figure 2b). The average 4.28 t ac-1 fell near the 
middle of this distribution (4.5 t ac-1 class). At MS, the distribution of litter loads had a mode of 
the 1.5 t ac-1 (45% of plots). 1000-hr fuels had roughly 10% of plots at both study sites in classes 
in excess of 35 t ac-1, compared to the 8.66 t ac-1 average at BC and the 17.00 t ac-1 average at 
MS, though the CV’s for 1000-hr fuel loads were the highest of all the dead fuels (1.74 at BC, 
and 0.98 for MS) (Figure 2f). Live herbaceous and shrub fuel loads were concentrated in the 
lowest class (0.25 t ac-1) for 88% of plots for BC. MS’s mode was 0.75 t ac-1 (41% of plots). The 
range was much larger at MS (range 0.09 to 6.85 t ac-1) than at BC (range 0.01 to 1.47 t ac-1).  
Canopy bulk density averaged 256.9 lbs ac-1 ft-1 at Boulder Creek and 247.5 lbs ac-1 ft-1 at 
Meadow Smith. Canopy base heights were 6 ft at BC and 12 ft at MS (Table 4). Coefficients of 
variation (range 0.64 to 0.77) were moderate compared to surface fuels. Canopy bulk density 
distributions and mode/median values were similar between sites, although distributions were 
non-normal based on the Shapiro-Wilk tests (Figure 3a, Table 4). However, skewness was high 
for both sites (skewness values of 2.2 at BC and 2.51 at MS) as result of plot CBD in excess of 
500 lbs ac-1 ft-1 class and greater (10% of plots at BC, 8% of plots at MS); three percent of plots 
at both sites had loads exceeding 950 lbs ac-1 ft-1. Canopy base height distributions at both sites 
lacked central tendency (kurtosis of -0.41 and -0.68 for BC and MS respectively) and were non-
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normal (Shapiro-Wilk p-values of 0.0002 and 0.0078 respectively) (Figure 3b, Table 4). 
Approximately one third of each site’s CBH distribution was at the low end of the range 
including the 3 ft class at BC (33% of plots; class width is 2 ft) and the 1 ft class at MS (30% of 
plots) (Figure 1b). Meadow Smith’s CBH average was 12 ft, though only 8% of plots actually 
fell in that class.  
Modeled fire behavior  
Modeled surface fire at 95th percentile weather conditions (Table 1) and average site fuel 
loadings (Table 3) resulted in surface fire projections of a 6 ft flame length and a 15 ch hr-1 
spread rate for Boulder Creek, and a 3 ft flame length and 3 ch hr-1 spread rate for Meadow 
Smith. At BC, the torching index was 14 mi hr-1 and the crowning index was 27 mi hr-1; at MS 
the torching and crowning indexes were 72 mi hr-1 and 28 mi hr-1, respectively. At the 95th 
percentile weather conditions, stand-average projections are for passive crown fire behavior at 
BC and surface fire at MS. Active crown fire behavior at BC was indicated at windspeed greater 
than double the 95th percentile conditions. MS predictions were for surface fire behavior at 
windspeeds twice the 95th percentile conditions (16 mi hr-1) and passive crown fire at triple (24 
mi hr-1) that windspeed. 
Distributions of modeled surface fire flame lengths at BC were normal according to the 
Shapiro-Wilk test (p-value = 0.083). Nearly a third of the distribution (30%) had high flame 
lengths in excess of 8 ft (definition of high-low referenced from Scott and Burgan 2005 fuel 
models) (Figure 4a, Table 5). Meadow Smith’s flame length distribution was non-normal (p-
value = 0.001, Figure 4a). Distributions were similar to the litter load frequency distribution 
(litter was an important contributing fine fuel model input) (Figure 2a, 4a). Surface fire spread 
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rate distributions were non-normal at both sites (p-values < 0.000). Boulder Creek’s range was 
1.1 - 33.5 ch hr-1 (Table 5) though 27% of plots model rates of spread that are relatively high 
(above 20 ch hr-1, Scott and Burgan 2005) (Figure 4a). Meadow Smith’s range was less (0.9 to 
10.7 ch hr-1) and was low to medium intensity fire behavior. 
Torching index distributions at both sites demonstrated no evidence of normality from visual 
inspection, kurtosis, skewness, or the Shapiro-Wilk tests (p-values < 0.0000). Crowning index 
distributions at both sites were skewed right (skewness = 1.4 and 0.5 respectively) (Figure 5b). 
Meadow Smith crowning index was one of the few distributions observed that indicated 
moderate evidence of normality (p-value = 0.54). 
Conventional analysis at Boulder Creek had indicated passive crown fire. This proved to be 
the most common fire type in our distributional method of analysis as well (63% of plots) (Table 
6). However, a large portion (25% of plots) indicated active crown fire. Conventional analysis at 
Meadow Smith had indicated surface fire. The predominant fire type that was modeled via the 
distributional method was surface fire (76% of plots); the remainder 24% of plots modeled 
passive crown fire. At BC, doubling windspeeds resulted in 13% of plots shifting from surface 
fire to conditional crown fire. At MS, doubling and tripling windspeeds resulted in conditional 
crown fire (5% and 38% respectively) as well as active crown fire (5% and 32% respectively) 
(Table 6).  
Restoration treatment effect 
As marked for cutting, the restoration thinning at Meadow Smith will result in a post-
treatment basal area that averages 79.5 ft2 ac-1, effectively meeting the prescription’s target 
residual basal area of 80 ft2 ac-1 (Table 2). The thinning will reduce average trees ac-1 by 86% 
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(from 295 to 43 trees ac-1), assuming 100% cutting efficiency and no unintended losses to 
residual trees from either logging or burning. This will raise stand QMD by 56% (from 10.4 in to 
19.0 in). Mid-seral species dominance will increase in terms of western larch (10% to 41% trees 
ac-1), and ponderosa pine (5% to 29% trees ac-1). Conversely, species composition of fire-
sensitive species including Douglas-fir (50% to 22% trees ac-1), and true fir and Engelmann 
spruce (26% to 1% trees ac-1) will be reduced. The component of lodgepole pine will decrease 
(9% to 6% trees ac-1). 
The distributional analysis of stand structure revealed that the trees acre-1 and basal area 
distributions will be non-normal following the treatment, according to the Shapiro-Wilk tests (p-
value < 0.0000 and p-value = 0.0003, respectively). Meadow Smith basal area is normal prior to 
treatment (Table 2). All plots will experience stem density reduction to a post-treatment range of 
13 to 165 trees ac-1 with a mode class of 25 trees ac-1 (80% of plots) (Figure 6a). The post-
treatment basal area distribution will range from 2 to 286 ft2 ac-1 concentrated below the 90 ft2  
ac-1 class (65% of plots) (Figure 6b). The treatment will increase plot QMD to a post-treatment 
range of 4.1 to 29.8 inches and remains normal according to the Shapiro-Wilk test.  
The thinning will reduce canopy bulk density by 67% (from 157.7 lbs ac-1 ft-1 to 51.8 lbs ac-1 
ft-1) and will raise the canopy base height more than 6-fold (from 7 ft to 43 ft). This translates to 
a substantial increase in the torching index (from 19 mi hr-1 to 120 mi hr-1), and crowning index 
(from 33 mi hr-1 to 72 mi hr-1). Even at windspeeds up to three times the 95th percentile wind 
conditions (24 mi hr-1), the predicted MS fire type is surface fire (Table 7).  
The distributional analysis of canopy fuels indicates that the range of post-treatment CBD’s 
will be 0 to 200 lbs ac-1 ft-1 and non-normal (Shapiro-Wilk p-value = 0.0004), compared to the 
20 
current range of 50 lbs ac-1 ft-1 to 1000 lbs ac-1 ft-1. Post treatment CBD in 92% of plots will be 
confined to classes below 100 lbs ac-1 ft-1, whereas only 5% of plots are currently below that 
level (Figure 7a). The post-treatment CBH will range 26 to 83 ft and normally distributed 
according to the Shapiro-Wilk test (p-value = 0.247). The post-thinning torching index for 86% 
of plots are projected above 60 mi hr-1 (Figure 8a); the remaining 14% of plots will be between 
30.1 mi hr-1 and 45 mi hr-1. The torching index median will increase from 35 to 155 mi hr-1 with a 
distribution range of 32 – 754 mi hr-1. Extremely large indices (i.e. 754 mi hr-1) are result of the 
exponential scale used in the model when stand conditions are very unlikely to support passive 
crown fire. Thus, we interpret indices above 60 mi hr-1 as conditions unlikely to initiate crown 
fire behavior. Post-treatment crowning index median will increase from 27 to 78 mi hr-1 with a 
value range of 32 – 264 mi hr-1. After thinning, 100% of plots will model surface fire behavior at 
95th percentile weather conditions compared to 76% of the plots currently. Doubling and tripling 
the windspeeds will have no effect on modeled fire type: all plots model surface fire behavior 
(Table 7). 
Spatial analysis at Meadow Smith 
For each of the three stem map plots, current stem density is 223 trees ac-1, 185 trees ac-1, and 
157 trees ac-1. In subdividing each plot into various quadrat sizes, trees ac-1 heterogeneity varied 
as a function of quadrat size with the widest inter-quartile ranges in the smallest quadrat sizes 
(Figures 10a, 11a, 12a). This was related to the substantial proportion (31-55%) of quadrats with 
zero tree counts at the two smallest quadrat sizes (Table 8).  
Analysis of the variance between Meadow Smith quadrat counts indicated both aggregated 
and random distributions of tree counts among the three stem maps. Unit 10 demonstrated an 
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aggregated or clumped distribution at all scales up to the 0.62-ac (2500 m2) quadrat size (Figure 
10b). At Unit 14, tree density did not differ from the random distribution (Figure 11b). Unit 19 
was aggregated at the 0.10-ac and 0.15-ac (400 m2 and 625 m2) scales, but was statistically 
random at smaller quadrat scales (Figures 12b).  
Immediate post-treatment conditions will decrease stem density by 73% down to 59 trees ac-1 
at Unit 10, 64% at Unit 14 with 67 trees ac-1, and 68% at Unit 19 with 51 trees ac-1. The 
treatment will increase Iδ on average by 3% (more clumped) for all scales at Unit 10, although 
the results were only significant at 0.025-ac due to the enlarged confidence intervals with fewer 
points for analysis (Figure 10b). Post-treatment Iδ will decrease 28% (more uniform) at Unit 14, 
but it will be significantly uniform only at the 0.004 and 0.006-ac quadrat scales (Figure 11b). 
Unit 19 Iδ will increase 10% (more clumped), but it will not be statistically different from the 
random confidence intervals (Figure 12bc). The range of tree density will decrease at all quadrat 
scales for all units, although examples of high quadrat stem densities at smaller scales (0.004-ac 
and 0.006-ac) skewed averages high (Figures 10a, 11a, 12a).  
Discussion 
Spatial heterogeneity is a prominent attribute of the old-growth ponderosa pine stands studied 
here, similar to other western United States old-growth stands in fire-frequent forests (Arno et al. 
1995; Franklin and Van Pelt 2004; Binkley et al. 2007). In restoration planning, critical steps are 
to identify current conditions, use that information to aid in the development of restoration 
prescriptions, evaluate potential post-treatment effects, and to monitor actual post-treatment 
effects of restoration. When historic reference conditions are a component of management goals, 
an analysis approach that addresses spatial heterogeneity is equally important in this process. 
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Another observation of our study sites was a discontinuous, non-uniform threshold for crown fire 
hazard among plots. Plot level fire hazard analysis provided a detailed distribution of fire hazard 
conditions across the stand areas for a thorough depiction of conditions and treatment effects. 
Variation metrics such as coefficient of variation, standard error, or inter-quartile range have 
been customarily used in this capacity to quantify dataset variability as opposed to stand 
condition heterogeneity, but often are reported anecdotally and are limited in interpretation of 
stand descriptions.  
Overall, old-growth stand structure, fuel, and fire hazard conditions studied here are 
heterogeneous with plot distributions that are non-normal, skewed, and wide ranging. For these 
reasons, the average conditions fail to be representative of the actual within-stand conditions and 
were limited in value for use in restoration planning. In normally distributed structures, 
variability metrics such as coefficient of variation or standard error relate variation around the 
mean and are used to determine sampling protocols and levels of confidence. Yet in statistical 
terms, these variation metrics carry an assumption of a normal distribution, which was rarely 
found at each of our study sites, making these metrics of limited interpretive value.  
Literature detailing old-growth reference conditions commonly describe heterogeneous 
conditions of stand structure and fuels in a self-perpetuating and functioning ecosystem (Cooper 
1960; Franklin and Van Pelt 2004; Binkley et al. 2007). From the case studies presented, 
heterogeneity was present even in old-growth stands well outside historic fire return intervals. At 
both study sites, tree density (as reflected by trees ac-1) was the most variable stand structure 
descriptor, lacked distribution normality, and exhibited high dataset skewness. This was evident 
in the field as areas of sparse tree density and localized thickets of small diameter Douglas-fir. 
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Pockets of small trees at extreme densities act as ladder fuel for crown fire, and strongly compete 
with old-growth individuals for belowground resources (Kolb et al. 2007). Spatially averaging 
this data would mask the potential effects of these infrequent but highly-influential stand 
conditions. The quadrat-based spatial analysis method from the forest ecology literature found 
aggregated as well as random tree spatial patterns at scales below 0.6 acres, consistent with 
findings from the distribution analytical approach. Such spatial patterns have been widely 
reported in ponderosa pine stands of the southwestern United States and interior Pacific 
Northwest (Harrod et al. 1999; Moore et al. 2004; Youngblood et al. 2004; Sprugel et al. 2009; 
Abella and Denton 2010; Sánchez Meador et al. In press). Little spatial pattern reference 
information is available for forest types here in the northern Rocky Mountains. 
Descriptions of plot fire hazards provide a more comprehensive and informative depiction of 
wildfire risks and silvicultural prescription effectiveness. Fire behavior is believed to be 
determined by finer scale (e.g. plot scale) spatial variation in the fuel complex rather than stand 
average conditions (Scott and Reinhardt 2001; Harrington et al. 2007). When we analyzed the 
variation between plots for fire hazard, we observed that the majority (63% of plots) of Boulder 
Creek are highly prone to passive crown fire, under 95th percentile weather conditions (Table 5). 
Yet, a large portion of stand area (25% of plots) exhibited local fuel conditions that model active 
crown fire. Similarly, at Meadow Smith, the predominant modeled fire type was surface fire 
(76% of plots), but the remainder of the stand (24% of plots) was predicted to burn as passive 
crown fire. Increasing windspeeds to values beyond the 95th percentile revealed more variations 
in fire behavior as crown fire was predicted to increase. When we evaluated treatment effects on 
canopy fuels at Meadow Smith, variance in canopy structure will decrease and be homogenized, 
resulting in substantially reduced crown fire behavior potential for all plots across the stand area. 
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Consideration of spatial heterogeneity in restoration planning allows for the mitigation of fire 
hazards while maintaining the character of old-growth, fire-dependent forests. Both the 
distributional method and quadrat analysis illustrated the presence of very low density areas 
before and after the proposed treatment at various scales. This is an important consideration in 
ponderosa pine advocated by Fielder et al. (2007) for the establishment of new seral-species 
cohorts in uneven-aged pine management (Fielder et al. 1996; Fielder et al. 2007). In addition, a 
diversity of light and mineral availability from accompanying underburn treatments increases 
understory species richness (Metlen and Fiedler 2006), and diversifies canopy structure in a way 
that promotes wildlife habitat such as that of northern goshawk (Accipiter gentilis) (Long and 
Smith 2000). While the ideal sizes of these openings are unknown, small openings (0.1-0.5 ac, 
0.04-0.2 ha) or even larger gaps (2-4 ac, 0.8-1.6 ha) have been advocated in uneven-aged 
ponderosa pine forest restoration treatments (Fielder et al. 1996, 2007; Long and Smith 2000). 
Ultimately, local soil, climate, and disturbance history are important controlling factors of tree 
growing space and subsequent spatial patterns of ponderosa pine (Abella and Denton 2009). 
Providing definitive guidelines to translate our observed distributions into prescription targets is 
beyond the scope of this case study. However, describing heterogeneity in terms of normality, 
skewness, and range provides an important benchmark to compare stands and potential treatment 
conditions to guide local restoration managers and silviculturists.  
To this point, we have only addressed applications for restoring stands with current old-
growth status. Similar restoration goals and techniques have been applied to previously harvested 
or managed forests to expedite the development of old-growth stand attributes in younger stands 
across the western United States (Fiedler et al. 1996; Harrod et al. 1999; Fiedler et al. 2007; 
Larson and Churchill 2008). The same issues of spatial heterogeneity exist in these contexts, but 
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the methods to quantify stand heterogeneity are limiting to the majority of land managers. Old-
growth restoration projects in the northwestern and southwestern United States have utilized pre- 
and post-project stem map locations over large areas (typically 2.5-ac or 1-ha) (Harrod et al. 
1999; Fulé et al. 2002; Larson and Churchill 2008) as we have concurrently done here, but the 
time and training involved in this level of stand assessment are impractical and are too intensive 
to thoroughly cover the entire project area with sufficient stem maps. As an alteranative, 
analyzing the distribution of conditions with conventional forest mensuration plots allows for 
quantifying the degree of heterogeneity within stands. Aside from restoring old-growth structure, 
describing the heterogeneity of fuels and fire hazards with plot level analysis has been advocated 
in other at-risk forest resources such as second-growth forests of the wildland urban interface 
(Harrington et al. 2007). Both Scott and Reinhardt (2001) and Harrington et al. (2007) warn that 
using stand averages results in a significant danger of under- and over-prediction of fire hazards, 
especially in regard to crown fire potential. More spatially explicit models of fire behavior and 
fuels assessment are currently in development (Parsons 2007; R. Keane 2010, personal 
communication), but stand data are already commonly available for the distributional analysis 
that was applied here. 
There are several noted concerns with the distribution approach taken here. Most notably, the 
original Van Wagner (1977) and Rothermel family of fire models were developed from semi-
empirical data from stand averages. Cruz and Alexander (2010) warn that Van Wagner’s (1977) 
crown fire ignition models have significant under-prediction bias when assessing crown fire 
hazard. Other studies, including those by Fulé et al. (2002) and Roccaforte et al. (2008) in 
southwestern ponderosa pine old-growth stands, by and Ritchie et al. (2007) in Sierra Nevada 
ponderosa pine stands, observed that average stand conditions do not recognize the spatially 
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heterogeneous nature of ladder fuels. Those researchers computed canopy fuels at the plot level 
and ranked canopy base height data by quintiles (20th percentile categories), while holding other 
parameters constant. While this approach may be more conservative compared to conventional 
means, it also is more difficult to identify areas that are over-predicted for crown fire behavior. 
In addition, there are several concerns with the CBD and CBH canopy fuel algorithms used as 
inputs in the Van Wagner (1977) models. The three most widely cited concerns are the 
assumption of random foliar distribution, which have been shown rare in nature and modeled 
with very different combustion dynamics (Parsons 2007a; Cruz and Alexander 2010). Another is 
the over-generalized nature of the FVS-FFE CBD and CBH equations used for species’ crown 
allometry that should vary in accordance with geographical differences (Keyser and Smith 
2010). Lastly, canopy base height is determined by the arbitrary cutoff of 30 lbs ft-1 ac-1 as the 
lower designation of the modeled canopy bulk density height regression (Scott and Reinhardt 
2001), with no empirical quantitative evidence for that threshold (Cruz and Alexander 2010). 
Even though these concerns have been noted by researchers, these Van Wagner (1977) and 
Rothermel family of fuel models have widespread use by fire managers. Thus, our results should 
be interpreted with caution, as the model estimates do not accurately portray an actual wildfire, 
rather; they aid in the illumination of heterogeneous conditions related to fuels planning, and the 
discontinuous nature of aerial and surface fuels. 
An important consideration is determining when this approach to stand management is 
warranted, due to the additional analysis time and project dimensions. In the case study here, 
there was a solid research basis for restoring complexity in old-growth stands. This was 
supported by the fact that multiple canopy strata were prevalent, in addition to sparse canopy 
gaps and dense small tree thicket conditions. These rationales may also extend to either current 
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old-growth stands or second-growth stands with old-growth management goals. In either case, 
meeting complexity-driven restoration goals requires an analytical approach sensitive to stand 
heterogeneity and available to practitioners. As old-growth, fire-frequent ponderosa pine stands 
continue to decline across the western United States, bridging the gap of forest ecology, fire 
science, and forest/fuel management field practices will be increasingly important for the 
development of effective and enduring restoration treatments. 
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Tables and Figures 
Table 1. 95th percentile fire weather and fuel moisture conditions. Weather stations: Boulder 
Creek - Little Rock Creek RAWS #242914; and Meadow Smith - Condon RAWS #241502. Date 
range: 1 May - 31 Oct, 2003-2009. 
Attribute Boulder Creek Meadow Smith 
Temp max (°F) 86 95 
Wind (mi hr-1) 19 8 
Woody fuel moisture (%) 70 70 
Herb fuel moisture (%) 30 30 
Dead fuel moisture (%) 
             1hr  3 3 
             10hr 4 4 
             100hr 6 9 
             1000hr 8 11 
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Table 2. Stand structure metrics at Boulder Creek and Meadow Smith. ‘Post-treat’ refers to the stand condition 
following restoration treatment in process at Meadow Smith. P-values are from Shapiro-Wilk tests of normality. 
 Study site Statistic Trees  ac-1 
Post-
treat 
Trees  
ac-1 
BA ac-1 Post-treat BA ac-1 QMD 
Post-
treat 
QMD 
Boulder 
Creek 
mean 382 - 139 - 11.3 - 
median 216 - 127 - 10.5 - 
min 24 - 28 - 2.9 - 
max 2340 - 258 - 26.7 - 
CV 1.11 - 0.39 - 0.50 - 
skewness 2.75 - 0.21 - 0.89 - 
kurtosis 9.19 - -0.34 - 1.09 - 
p-value <0.0001 - 0.8697 - 0.0197 - 
Meadow 
Smith 
mean 295 43 147 80 10.4 19.0 
median 246 31 132 73 10.4 19.5 
min 73 13 51 2 4.8 4.1 
max 843 165 310 286 16.5 29.8 
CV 0.55 0.80 0.35 0.70 0.28 0.28 
skewness 1.42 2.13 0.96 1.75 0.20 -0.57 
kurtosis 2.48 4.74 1.73 4.41 -0.32 0.46 
p-value 0.0013 <0.0001 0.0500 <0.0003 0.6608 0.5928 
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Table 3. Attributes of ground and surface fuel loads (t ac-1) at Boulder Creek and Meadow Smith. P-values are 
from Shapiro-Wilk tests of normality. 
Ground 
fuels Dead surface fuels Live surface fuels 
Ground-
surface 
study site statistic duff litter 1-hr 10-hr 100-hr 1000-hr herbs shrub 
herb 
and 
shrub total 
Boulder 
Creek 
mean 8.47 4.28 0.18 1.2 0.99 8.66 0 0.27 0.27 24.06 
median 5.22 3.78 0.16 1.09 0.87 2.04 0 0.14 0.14 16.26 
min 0 0 0.02 0.16 0 0 0 0.01 0.01 2.56 
max 54.53 10.54 0.45 5.19 3.7 68.02 0.02 1.47 1.47 92.28 
CV 1.25 0.68 0.6 0.79 0.98 1.87 3.23 1.14 1.13 0.86 
Kurtosis 8.98 -0.92 -0.41 7.05 0.57 6.07 12.57 5.56 5.56 2.19 
Skewness 2.7 0.38 0.61 2.08 1 2.58 3.48 2.24 2.24 1.61 
P-value <0.0001 0.0519 0.0708 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Meadow 
Smith 
mean 15.85 1.59 0.24 0.9 1.45 17 0.03 1.24 1.27 38.31 
median 14 1.7 0.21 0.61 1.45 11.47 0.01 0.81 0.82 34.17 
min 2.5 0 0 0 0 0 0 0.09 0.11 7.94 
max 43.7 4.5 0.95 2.28 5.81 76.6 0.33 6.85 6.87 90.13 
CV 0.55 0.59 0.81 0.77 0.84 0.98 2.11 1.2 1.17 0.46 
Kurtosis 1.6 1.49 3.83 -1.04 3.11 3.25 22.13 6.21 6.25 1.32 
Skewness 1.1 0.69 1.7 0.54 1.37 1.57 4.43 2.51 2.51 0.88 
P-value 0.0192 0.1328 0.0002 0.0039 0.0006 0.0002 <0.0001 <0.0001 <0.0001 0.069 
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Table 4. Attributes of canopy fuel loads at Boulder Creek and Meadow Smith. Canopy bulk 
density (CBD) is given in terms of lbs ac-1 ft-1. P-values are from Shapiro-Wilk tests of normality. 
Study site statistic CBD CBH 
Boulder 
Creek 
mean 256.9 6 
median 213.5 4 
min 54.4 1 
max 951.8 17 
CV 0.64 0.72 
Kurtosis 7.23 -0.41 
Skewness 2.2 0.92 
P-value <0.0001 0.0002 
Meadow 
Smith 
mean 247.5 12 
median 201.2 11 
min 76.1 1 
max 951.8 33 
CV 0.68 0.77 
Kurtosis 8.13 -0.68 
Skewness 2.51 0.53 
P-value <0.0001 0.0078 
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Table 5. Attributes of modeled fire behaviors. Flame length (FL) is given in terms of ft. Rate of 
spread (ROS) is given in chains hr-1. Torching index (TI) and crowning index (CI) are given in 
mi hr-1. P-values are from Shapiro-Wilk tests of normality. 
 
 
  
Study site statistic FL ROS TI CI 
Boulder 
Creek 
mean 6.0 14.5 13.9 27.4 
median 5.8 14.6 0.0 25.7 
min 0.7 1.1 0.0 8.3 
max 12.5 33.5 177 69.4 
CV 0.6 0.7 3 0.5 
Kurtosis -1.0 -0.9 8.7 2.8 
Skewness 0.2 0.3 3.1 1.4 
P-value 0.0833 0.0314 <0.0001 0.0019 
Meadow 
Smith 
mean 2.8 3.2 72.1 28 
median 2.5 2.6 34.5 27.3 
min 1.1 0.9 0 8.2 
max 7.9 10.7 355.3 54.6 
CV 0.5 0.7 1.3 0.4 
Kurtosis 2.8 3.3 3.0 0.5 
Skewness 1.5 1.9 1.9 0.5 
P-value 0.0006 <0.0001 <0.0001 0.54 
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Table 6. Modeled fire behavior types at Boulder Creek and Meadow Smith. 20-ft Windspeeds are 
95th percentile and doubled at Boulder Creek. Windspeeds at Meadow Smith are 95th percentile, 
doubled, and tripled. Current conditions are compared to projected post-treatment stand 
conditions (“Treatment Effects”). 
Current Conditions Meadow Smith 
Boulder Creek Meadow Smith Treatment Effects 
Fire type 
19 mi 
hr-1 
winds 
38 mi 
hr-1 
winds 
8 mi 
hr-1 
winds 
16 mi 
hr-1 
winds 
24 mi 
hr-1 
winds 
8 mi 
hr-1 
winds 
16 mi 
hr-1  
winds 
24 mi 
hr-1  
winds 
active 25% 75% 0% 5% 32% 0% 0% 0% 
passive 63% 15% 24% 27% 11% 0% 0% 0% 
conditional 0% 10% 0% 5% 38% 0% 0% 0% 
surface 13% 0% 76% 62% 19% 100% 100% 100% 
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Table 7. Conventional stand average summary of restoration thinning effects on tree density, 
canopy structure, and crown fire hazard at Meadow Smith. (modeled crown fire indexes and fire 
type assume the same custom surface fire model for both post-treatment and current conditions). 
 
Stand density Canopy fuel 
Crown fire 
indexes Modeled fire type 
  
Trees 
ac-1 
Basal 
area  
ac-1 
CBD 
(lbs 
ac-1  
ft-1) 
CBH 
(ft) 
Torch 
(mi   
hr-1) 
Crown 
(mi   
hr-1)  
8 mi  
hr-1 
wind 
16 mi 
hr-1 
wind 
24 mi 
hr-1 
wind 
treatment 43 80 51.8 43 120 72 surface surface surface
current 295 147 157.7 7 19 33 surface surface passive
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Table 8. Summary of Meadow Smith quadrat analysis with zero tree counts for each quadrat 
size: current and projected post-treatment conditions. 
Unit  
scale 
(ac) 
total 
quadrats 
current     
zero tree 
quadrats  
post-treatment 
zero tree 
quadrats 
10 
0.004 625 293 (47%) 501 (80%) 
0.006 400 125 (31%) 282 (71%) 
0.025 100 2 (2%) 23 (23%) 
0.099 25 0 (0%) 0 (0%) 
0.154 16 0 (0%) 0 (0%) 
0.618 4 0 (0%) 0 (0%) 
14 
0.004 625 301 (48%) 468 (75%) 
0.006 400 135 (34%) 252 (63%) 
0.025 100 2 (2%) 17 (17%) 
0.099 25 0 (0%) 0 (0%) 
0.154 16 0 (0%) 0 (0%) 
0.618 4 0 (0%) 0 (0%) 
19 
0.004 625 342 (55%) 515 (82%) 
0.006 400 157 (39%) 295 (74%) 
0.025 100 5 (5%) 31 (31%) 
0.099 25 0 (0%) 0 (0%) 
0.154 16 0 (0%) 0 (0%) 
0.618 4 0 (0%) 0 (0%) 
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Figure 1. Frequency distributions of structure metrics. Frequency is given in terms of percent of 
plots value within each class. Arrows denote the class encompassing the stand average. 
 
 
 
 
0
5
10
15
20
25
30
0 
‐5
0
10
1 
‐1
50
20
1 
‐2
50
30
1 
‐3
50
40
1 
‐4
50
50
1 
‐5
50
60
1 
‐6
50
70
1 
‐7
50
80
1 
‐8
50
90
1 
‐9
50
>1
00
0
pe
rc
en
t o
f p
lo
ts
trees ac‐1
A. Trees acre‐1
BoulderCreek
MeadowSmith
0
5
10
15
20
25
30
35
0 
‐4
0 
40
.1
 ‐
60
60
.1
 ‐
80
80
.1
 ‐
10
0
10
0.
1 
‐1
20
12
0.
1 
‐1
40
14
0.
1 
‐1
60
16
0.
1 
‐1
80
18
0.
1 
‐2
00
20
0.
1 
‐2
20
22
0.
1 
‐2
40
24
0.
1 
‐2
60
26
0.
1 
‐2
80
28
0.
1 
‐3
00
30
0.
1 
‐3
20
ft2 ac‐1
B. Basal area 
0
5
10
15
20
25
30
35
0 
‐2
2.
1 
‐4
4.
1 
‐6
6.
1 
‐8
8.
1 
‐1
0
10
.1
 ‐
12
12
.1
 ‐
14
14
.1
 ‐
16
16
.1
 ‐
18
18
.1
 ‐
20
20
.1
 ‐
22
22
.1
 ‐
24
24
.1
 ‐
26
26
.1
 ‐
28
28
.1
 ‐
30
pe
rc
en
t o
f p
lo
ts
inches
C. Quadratic Mean Diameter
43 
Figure 2. Frequency distributions of ground and surface fuel load. Frequency is given in terms 
of percent of plots value within each class. Arrows denote the class encompassing the stand 
average. 
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Figure 3. Frequency distributions of canopy fuel attributes. Frequency is given in terms of 
percent of plots value within each class. Arrows denote the class encompassing the stand 
average. 
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Figure 4. Surface modeled fire behavior frequency distributions at 95th percentile weather 
conditions for Meadow Smith and Boulder Creek. Flame length is given in ft and surface fire 
rate of spread is given in chains hr-1. Frequency is given in percent of plots within each class. 
Arrows denote the class encompassing the stand average. 
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Figure 5. Torching and Crowning index frequency distributions. Indices are given as the 20-ft 
windspeed needed to ignite a passive crown fire (torching index) or facilitate active crown fire 
spread (crowning index). Frequency is given in percent of plots within each class. Arrows denote 
the class encompassing the stand average. 
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Figure 6. Stand structure metric distributions (trees ac-1,basal area, and quadratic mean 
diameter) at Meadow Smith: current and projected post-treatment. Frequency is given in percent 
of plots within each class. Arrows denote the class encompassing the stand average. 
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Figure 7. Canopy fuels distributions (canopy bulk density and canopy base height) at Meadow 
Smith: current and projected post-treatment. Frequency is given in percent of plots within each 
class. Arrows denote the class encompassing the stand average. 
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Figure 8. Crown fire index distributions (torching index “TI” and crowning index “CI”) at 
Meadow Smith: current and projected post-treatment. Frequency is given in percent of plots 
within each class. Arrows denote the class encompassing the stand average. 
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ure 9a. Stem Map of Meadow Smith Unit 10 
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ure 9b. Stem map of Meadow Smith Unit 14 
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ure 9c. Stem map of Meadow Smith Unit 19 
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53 
ure 10a. Meadow Smith Unit 10 quadrat analysis of stem density (trees ac-1) at various square quadrat sizes. 
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54 
ure 10b. Meadow Smith Unit 10 Morisita’s index of dispersion plot. Quadrat sizes are reported in acres that correspond to 16, 2
, 400, 625, and 2500m2 metric square quadrats. 
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55 
ure 11a. Meadow Smith Unit 14 quadrat analysis of stem density (trees ac-1) at various square quadrat sizes. 
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56 
ure 11b. Meadow Smith Unit 14 Morisita’s index of dispersion plot. Quadrat sizes are reported in acres that correspond to 16, 2
, 400, 625, and 2500m2 metric quadrats. 
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57 
ure 12a. Meadow Smith Unit 19 quadrat analysis of stem density (trees ac-1) at various square quadrat sizes. 
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58 
ure 12b. Meadow Smith Unit 19 Morisita’s index of dispersion plot. Quadrat sizes are reported in acres that correspond to 16, 2
, 400, 625, and 2500m2 metric quadrats. 
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59 
Photo 1. Old-growth stand component on the xeric, steep, rocky slopes of the Boulder Creek 
Research Natural Area. The old-growth ponderosa pine presented center is 42 inches at dbh and 
is over 500 years old. Photo by Kyle Stover. 
 
60 
Photo 2. Stand conditions within the mesic, gently undulating topography of the Meadow Smith 
old-growth restoration project area. Photo by Kyle Stover. 
 
 
